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ABSTRACT
In this study, the tool wear and surface integrity during machining of wrought and Selective Laser 
Melted (SLM) titanium alloy (after heat treatment) are studied. Face turning trails were carried out on 
both the materials at different cutting speeds of 60,120 and 180 m/min. Cutting tools and machined 
specimens collected are characterized using scanning electron microscope, surface profiler and optical 
microscope to study the tool wear, machined surface quality and machining induced microstructural 
alterations. It was found that high cutting speeds lead to rapid tool wear during machining of SLM 
Ti-6Al-4V materials. Rapid tool wear observed at high cutting speeds in machining SLM Ti-6Al-4V 
resulted in damaging the surface integrity by 1) Deposition of chip/work material on the machined 
surface giving rise to higher surface roughness and 2) Increasing the depth of plastic deformation 
on the machined sub surface.
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1. INTRodUCTIoN
Additive manufacturing(AM) is gaining huge attention in the manufacturing industries due to its 
high productivity and freedom of design capabilities (Gibson, Rosen, & Stucker, 2010). Currently, 
titanium components are preferred to be manufactured using AM technology rather the conventional 
technology which is energy intensive and time consuming. However, AM components often requiring 
post machining operations for superior surface finish and improved product quality (Horn & Harrysson, 
2012).
Speaking about the titanium alloys, it is regarded as one of the “difficult to machine” materials 
due to its several inherent properties. Low thermal conductivity and high chemical reactivity of this 
material often leads to high tool wear due to concentration of the heat in the deformation zones during 
machining. In addition, the high strength at elevated temperature, low modulus of elasticity and shear 
instability in chip formation further impairs its machinability (Davim, 2014). As titanium alloys are 
used for components requiring highest reliability, it is necessary to maintain the surface integrity. 
The surface integrity of the titanium alloys is easily affected because of the poor machinability of 
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the titanium alloys. Heat generated during titanium machining acts as a major source of damage and 
results in surface and sub-surface alterations including plastic deformation, micro cracking, phase 
transformations and residual stress effects (Che-Haron, 2001; Che-Haron & Jawaid, 2005; Ginting 
& Nouari, 2009; Mantle & Aspinwall, 2001; Che-Haron, 2001; Mantle & Aspinwall, 2001). Having 
said these, there are not many literatures available, that discusses the machining of AM titanium 
components. However, some few literatures discuss the machinability and tool wear during machining 
of additive manufactured titanium alloys. A. a. b. u. i. Bordin, Bruschi, Ghiotti, Bucciotti, and Facchini 
(2014) (Bordin et al., 2014) compared the machinability characteristics of wrought and Electron Beam 
Melted (EBM) titanium alloys. They also studied and analyzed the tool wear in cryogenic machining 
of EBM Ti-6Al-4V (Bordin, Bruschi, Ghiotti, & Bariani, 2015). From their studies, it was found that 
adhesion was the main wear in semi finish turning of EBM Ti-6Al-4V using carbide tool.
This research has been undertaken by realizing the importance of tool wear, surface integrity 
and the lack of works related to effect of machining on surface integrity of additive manufactured 
titanium alloys. Face turning trails were carried out at different cutting speeds for specific number 
of machining passes and the tool wear, machined surface and machined sub-surface are analysed to 
study to the effect of machining on selective laser melted (SLM) Ti-6Al-4V.
2. eXPeRIMeNTAL PRoCedURe
Hollow cylindrical samples of wrought and additive manufactured Ti-6Al-4V were used as work 
materials in this research. A hollow cylindrical specimen of height 60 mm, outer diameter 50 mm 
and inner diameter 25 mm was fabricated using a SLM 125 metal additive manufacturing machine 
(as shown in Figure 1). Important process parameters such as meander build style, 0.2 mm laser focus 
diameter and 425 mm/s laser scan speed were used in fabricating this hollow cylinder. The sample 
was then heat treated in a vacuum furnace to 730oC and cooled slowly to 1) relieve the residual 
stresses and 2) soften and improve the materials ductility. Face turning machining operation was then 
performed on the material in a Nakumara tome CNC machine. TiAlN+TiN PVD coated rhombic 
carbide tools with positive rake angle and a tool nose radius of 0.8 mm was used for the machining 
tests. The designation of the cutting tool used is DNMG 150608-TF.The material was machined 
at different cutting speeds of 60,120 and 180 m/min using a constant feed rate of 0.1 mm/rev and 
depth of cut of 0.5 mm respectively. The tool specimens and the machined surface were collected 
and preserved after specific number of machining passes to study the tool wear and surface integrity. 
Figure 1. Hollow Ti-6Al-4V specimen fabricated using selective laser melting technology
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The tool wear and surface characteristics was measured and characterized using optical and scanning 
electron microscope. The surface roughness was measured using Alicona Infinite Focus 3D optical 
surface profilometer.
2.1. Presentation of the Work Materials
Microstructure of the selective laser melted titanium alloys consists of columnar prior β grains as 
a result of thermal history experienced by the layers (Sercombe, Jones, Day, & Kop, 2008; Thijs, 
Verhaeghe, Craeghs, Humbeeck, & Kruth, 2010; Thijs et al., 2010). It was found that the columnar 
grains transform in to a fully martensite α’phase upon cooling to room temperature (Vilaro, Colin, 
& Bartout, 2011). Peculiar microstructure of the SLM titanium alloys and its martensite phase 
regimes gives rise to its high strength and hardness compared to conventionally produced wrought 
alloys. However, the martensite microstructure limit the ductility of SLM Ti-6Al-4V as compared to 
the conventionally made components (Shunmugavel, Polishetty, & Littlefair, 2015). In order to the 
remove the residual stresses and improve the materials ductility, the components are often heat treated. 
Vilaro et al. (2011) and Vrancken, Thijs, Kruth, and Van Humbeeck (2012) found that heat treatment 
of SLM titanium alloys have improved ductility significantly as compared to “as built” specimens. 
Microstructure of the wrought Ti-6Al-4V alloy and SLM Ti-6Al-4V after heat treatment are shown 
in Figure 2 and Figure 3 respectively. Wrought Ti-6Al-4V exhibited an equiaxed microstructure. SLM 
Ti-6Al-4V after heat treatment exhibited fully lamellar microstructure. The corresponding mechanical 
properties of the work materials used in this research such as yield strength (σ0.2), ultimate tensile 
strength (U.T.S), percentage of elongation (ε), hardness (H.V) are listed in Table 1.
Figure 2. Microstructure of mill annealed wrought Ti-6Al-4V (“as received”) used in this study
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3. ReSULTS ANd dISCUSSIoNS
Face turning operations are carried out for a number of machining passes on wrought and SLM Ti-
6Al-4V at various cutting speeds. At high cutting speeds of 180 m/min, the cutting tests were stopped 
due to the catastrophic failure of the cutting tool. The cutting tools and the machined specimens 
collected after the specified number of passes (as shown in Table 2) are used to study the tool wear, 
surface roughness and microstructural alterations of the machined sub surface.
3.1. Tool Wear
Cutting tools used in machining SLM Ti-6Al-4V exhibited higher wear compared to the tools used 
for machining the wrought alloy. Maximum flank (VB max) wear observed in machining these 
materials at various cutting speeds are shown in Figure 4. It can be seen from the graph that tool wear 
increased rapidly with the cutting speeds during machining of SLM Ti-6Al-4V.At 180 m/min, the 
maximum flank wear was found to be highest leading to the catastrophic failure of the cutting tool. 
Tool wear was almost three times higher for machining SLM Ti-6Al-4V at 180 m/min as compared 
Figure 3. Microstructure of SLM Ti-6Al-4V after annealing heat treatment (730oC/2hrs/furnace cooling)
Table 1. Mechanical properties of work materials used in this research
Materials Heat Treatment Conditions
σ0.2
(MPa)
U.T.S 
(MPa)
ɛ 
(%)
Hardness 
(H.V)
Wrought Ti-6Al-4V 730/2 hrs/air cooling 948 994 21 324
SLM Ti-6Al-4V 730/2 hrs/furnace cooling 964 1041 7 390
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to the wrought titanium alloy. The rapid wear of the cutting tools at high cutting speeds might be 
due to the high cutting and high cutting pressures combined with the poor thermal conductivity of 
titanium alloys that accelerates tool wear.
Figure 4 shows the progression of wear on the rake face of the cutting tool with respect to cutting 
speed for machining SLM Ti-6Al-4V. It can be seen that wear regions on the rake face increased 
with cutting speeds. At low cutting speeds of 60 and 120 m/min, adhesion and abrasion was found 
to be the major operating wear mechanism. Adhesion on the rake face of the cutting is evident from 
the small lumps of work material/chip material sticking to the cutting edge as shown in Figure 5. 
Evidence of adhesion, abrasion and attrition was observed in all the cutting tools due to the high 
chemical reactivity of titanium alloys. Cutting tools used for machining at 180 m/min, exhibited 
rapid cratering, abrasion and attrition on the rake face of the cutting tool. In addition to that, heavy 
smearing was also observed on the cutting tools during machining of SLM Ti-6Al-4V at high cutting 
speeds as shown in Figure 5 c). The severity of the tool wear at high cutting speeds might be due to 
the high friction, poor thermal conductivity and hardness of SLM Ti-6Al-4V. The buildup of work 
material and chipping of the cutting edge in the tools employed for machining SLM Ti-6Al-4V are 
shown in Figure 6.
3.2. Surface Roughness
Surface roughness of the wrought and SLM Ti-6Al-4V after machining at various cutting speeds are 
shown in Figure 7.SLM Ti-6Al-4V offered better surface finish at low cutting speeds as compared to 
wrought alloy. This might be due to the hardness and brittleness of the material which would result 
Table 2. Details of the machining experiments
Material 60 m/min 120 m/min 180 m/min
Wrought Ti-6Al-4V 18 9 18
SLM Ti-6Al-4V 18 9 2*
*Machining tests were stopped due to the tool failure.
Figure 4. Maximum flank (VB max) wear during machining of SLM Ti-6Al-4V at various cutting speeds
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Figure 5. Cutting tool after machining SLM Ti-6Al-4V at a) 60 m/min, b) 120 m/min and c) 180 m/min
Figure 6. a) Rake face and b) Flank face of the cutting tool after machining SLM Ti-6Al-4V at 180 m/min
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in less materials plastic side flow(Chen, 2000). Measured Ra of the machined surface was about 
0.6083 μm at 60 m/min, this almost reduced drastically to 0.4545 at a speed of 120 m/min. This 
strongly suggests that higher machining speeds results in better surface finish. However, the high 
surface roughness was observed at 180m/min due to catastrophic failure of the cutting tool that leads 
to entangling and sticking of chip material on the tool which eventually gets removed and deposited in 
the machined surface (as illustrated in Figure 8). This redeposited material on the machined surface 
leads to higher surface roughness and poor surface finish. Evidence of chips/work material deposited 
on the machined surface is shown in Figure 9. Higher surface roughness of machined surface of the 
SLM Ti-6Al-4V at higher cutting speeds can also be due to the high buildup of the work material on 
the cutting tool as shown in the Figure 6. The buildup of chip and work material on the tool flank face 
can push the tool off from its original route to increase the roughness (Mantle & Aspinwall, 2001).
3.3. Microstructural Alterations
Cross section of the machined surfaces is examined under an optical microscope to study the 
microstructural alterations and amount of plastic deformation induced beneath the machined surface. 
Figures 10 to 15 shows the microstructural alterations induced by machining for various cutting 
conditions. The movement and direction of the cutting tool are illustrated in the figures with the 
help of arrow marks. A layer of disturbed or plastically deformed layer was found underneath the 
machined surface for all cutting conditions. This plastic deformation can be visualized clearly by the 
deformation and bending of the grains along the direction of the tool movement. The microstructural 
plastic deformation was found to increase with cutting speed and tool wear due to the combined effect 
of high thermal and mechanical loads during machining of these materials. SLM Ti-6Al-4V exhibited 
higher plastic deformation beneath the machined surface as compared to wrought Ti-6Al-4V. Figure 
16 illustrates the depth of sub-surface microstructural alterations after machining these materials. 
It can be seen that, SLM Ti-6Al-4V exhibits almost twice the amount of deformation observed in 
wrought Ti-6Al-4V for all the machining conditions. Highest depth of plastic deformation of about 
10 μm was observed for SLM Ti-6Al-4V machined at a cutting speed of 180 m/min. However, 
wrought Ti-6Al-4V did not exhibit severe plastic deformation at high cutting speeds like SLM Ti-
6Al-4V. There was no evidence of white layer formation on the sub surface during machining of these 
materials unlike other nickel based aerospace alloys (Ulutan & Ozel, 2011). Overall, the difference in 
Figure 7. Surface roughness after machining SLM Ti-6Al-4V at various cutting speeds
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microstructural alterations during machining of these materials can be attributed due to the difference 
in microstructure and mechanical properties, cutting forces, cutting temperatures and tool wear. From 
the above investigations, all the evidences clearly suggest that SLM Ti-6Al-4V is more difficult to 
machine as compared to wrought Ti-6Al-4V.
Figure 8. Mechanism leading to redeposition of chip/work material on the machined surface
Figure 9. Evidence of the deposition of the chip/work material on the machined surface of SLM Ti-6Al-4V at 180 m/min
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Figure 10. Sub-surface microstructure of wrought Ti-6Al-4V after machining at a cutting speed of 60m/min with a cutting tool 
wear of VB max=101μm
Figure 11. Sub-surface microstructure of wrought Ti-6Al-4V after machining at a cutting speed of 120m/min with a cutting tool 
wear of VB max=140 μm
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Figure 12. Sub-surface microstructure of wrought Ti-6Al-4V after machining at a cutting speed of 180m/min with a cutting tool 
wear of VB max=125 μm
Figure 13. Sub-surface microstructure of SLM Ti-6Al-4V after machining at a cutting speed of 60 m/min with a cutting tool wear 
of VB max=173 μm
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Figure 15. Sub-surface microstructure of SLM Ti-6Al-4V after machining at a cutting speed of 120 m/min with a cutting tool wear 
of VB max=352 μm
Figure 14. Sub-surface microstructure of SLM Ti-6Al-4V after machining at a cutting speed of 120 m/min with a cutting tool wear 
of VB max=178 μm
International Journal of Materials Forming and Machining Processes
Volume 3 • Issue 2 • July-December 2016
61
4. CoNCLUSIoN
From the face turning trails carried out on the wrought and heat treated SLM Ti-6Al-4V at various 
cutting speeds, it can be concluded that:
• Cutting tool exhibits severe wear in machining SLM Ti-6Al-4V as compared to wrought alloy. 
The maximum flank wear increased with cutting speed and results in catastrophic failure of the 
cutting tool at high cutting speed of 180 m/min during SLM machining.
• High welding action between the cutting tools, work materials and chip materials results in rapid 
crater and deformation of the cutting tool during machining of SLM Ti-6Al-4V.
• High tool wear, chip welding and buildup of work material on the cutting tool observed during 
machining SLM Ti-6Al-4V results in the redeposition of the chip material on the machined 
surface and adversely affects the machined surface.
• Microstructural alterations were found to be dependent on the cutting speeds and tool wear. 
Increase in cutting speeds and tool wear increased the depth of plastic deformation layer beneath 
the machined surface.
• SLM Ti-6Al-4V machined surface was significantly affected due to severe tool wear at high 
cutting speeds.
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